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will require the identification of any remaining kineto-
chore proteins.
Given the central role that kinetochore-microtubule
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University of California, Berkeley One protein that plays a crucial role in regulating the
kinetochore is the Ipl1p protein kinase, the foundingBerkeley, California 94720
2 Department of Cell Biology member of the Aurora kinase family (Chan and Botstein,
1993). ipl1 mutants show high frequencies of chromo-The Scripps Research Institute
La Jolla, California 92037 some missegregation (Biggins et al., 1999; Francisco et
al., 1994; Kim et al., 1999), and it has been suggested3 Section of Molecular Genetics and Microbiology
Institute for Cellular and Molecular Biology recently that Ipl1p may function to facilitate kinetochore
turnover to ensure the formation of correct bipolar at-The University of Texas, Austin
Austin, Texas 78712 tachments (Tanaka et al., 2002). Ipl1p may also play a
role in the tension-sensing component of the mitotic
checkpoint (Biggins and Murray, 2001).
Several potential targets for Ipl1p have been identi-Summary
fied. These include histone H3 (Hsu et al., 2000), the
inner kinetochore protein Ndc10p (Biggins et al., 1999),The Aurora kinase Ipl1p plays a crucial role in regulat-
ing kinetochore-microtubule attachments in budding the INCENP-related protein Sli15p (Kang et al., 2001),
and the outer kinetochore microtubule-associated pro-yeast, but the underlying basis for this regulation is
not known. To identify Ipl1p targets, we first purified tein Dam1p (Kang et al., 2001). However, the relevance
and importance of these in vitro substrates as in vivo28 kinetochore proteins from yeast protein extracts.
These studies identified five previously uncharacter- targets of Ipl1p to facilitate chromosome segregation is
unclear. For example, mutation of the Ipl1p phosphory-ized kinetochore proteins and defined two additional
kinetochore subcomplexes. We then used mass spec- lation site in histone H3 has no detectable effect on cell
growth or viability in budding yeast (Hsu et al., 2000).trometry to identify 18 phosphorylation sites in 7 of
these 28 proteins. Ten of these phosphorylation sites While Ndc10p, Sli15p, and Dam1p are good in vitro tar-
gets of Ipl1p, the specific phosphorylation sites withinare targeted directly by Ipl1p, allowing us to identify a
consensus phosphorylation site for an Aurora kinase. these proteins are not known, and the functional impor-
tance of any Ipl1p phosphorylation site has never beenOur systematic mutational analysis of the Ipl1p phos-
phorylation sites demonstrated that the essential mi- demonstrated.
To develop a better understanding of the general na-crotubule binding protein Dam1p is a key Ipl1p target
for regulating kinetochore-microtubule attachments ture of kinetochore regulation and the specific mecha-
nism by which Ipl1p regulates kinetochore-microtubulein vivo.
attachments, we chose to examine kinetochore phos-
pho-regulation directly. We purified 28 kinetochore pro-Introduction
teins and used mass spectrometry to identify 18 in vivo
phosphorylation sites in 7 different kinetochore proteins,The kinetochore in budding yeast is a complex structure
consisting of 40 different proteins (reviewed in a subset of which are targeted directly by Ipl1p. Our
functional analysis of kinetochore phospho-regulationCheeseman et al., 2002). To perform their function as
a physical linkage between spindle microtubules and demonstrated that Ipl1p phosphorylation of Dam1p is
essential for correct chromosome segregation.centromeric DNA, these kinetochore proteins must as-
sociate with each other, and their interactions and activi-
ties must be regulated. Recently, the organization of Results
many yeast kinetochore proteins has been more com-
pletely established, due in a large part to the identifica- Purification of Four Kinetochore Subcomplexes
tion of biochemically distinct subcomplexes within the To examine the in vivo phosphorylation state of kineto-
kinetochore (Cheeseman et al., 2001a; Janke et al., 2001, chore proteins in budding yeast, we first needed to purify
2002; Lechner and Carbon, 1991; Li et al., 2002; Wigge a comprehensive set of central and outer kinetochore
and Kilmartin, 2001). However, the physical interactions proteins (see Cheeseman et al., 2002). Utilizing a modi-
of many kinetochore proteins have yet to be established, fied form of the tandem affinity purification (TAP) tag
and much remains to be done to determine how these (see Cheeseman et al., 2001a), we purified a 4 subunit
proteins and their subcomplexes associate into the Ndc80 complex (Janke et al., 2001; Wigge and Kilmartin,
higher-order kinetochore structure. In addition, while 2001), a 9 subunit Dam1 complex (Cheeseman et al.,
there is currently a large list of known kinetochore pro- 2001a; Janke et al., 2002; Li et al., 2002), a 12 subunit
teins, a complete understanding of kinetochore function Ctf19 complex, and a 3 subunit Ipl1 complex (see Figure
1A). In addition to facilitating our analysis of kinetochore
phospho-regulation (see below), these purifications pro-4 Correspondence: gbarnes@socrates.berkeley.edu
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Figure 1. Purification of Four Distinct Kinetochore Subcomplexes
(A) Silver-stained SDS-PAGE gels showing a 9 subunit Dam1 complex, a 12 subunit Ctf19 complex, a 3 subunit Ipl1 complex, and a 4 subunit
Ndc80 complex. Since mass spectrometry was conducted on each complex in solution without isolating individual proteins, proteins were
identified on the gels on the basis of their predicted molecular weights. Background bands correspond to the highly homologous heat shock
proteins Ssb1, Ssb2 (66 kDa) and Ssa1, Ssa2, Ssa3, and Ssa4 (70 kDa) that were isolated in all purifications.
(B) Percent sequence coverage obtained for each subunit the Ctf19 complex from the mass spectrometric analysis of complexes isolated
using the indicated fusion proteins (shown in bold). Molecular masses and deletion phenotypes are also indicated.
vided valuable insights into the molecular composition 34C based on growth and viability, they were tempera-
ture sensitive at 37C. Dad3-GFP and Dad4-GFP cellsand structural organization of the budding yeast kineto-
chore. shifted to the restrictive temperature arrested with large
buds, a short mitotic spindle, and a single mass of DNATwo Additional Subunits of the Dam1 Complex
We and others have previously purified a multisubunit (Figure 2C), similar to what we have described for
duo1-2, dam1-9, and dad1-1 mutants (Cheeseman etDam1 complex from yeast protein extracts (Cheeseman
et al., 2001a; Janke et al., 2002; Li et al., 2002). Here, al., 2001b; Enquist-Newman et al., 2001). In total, these
results provide strong evidence that Dad3p and Dad4pthanks to an updated database containing 50 recently
identified small open reading frames (Blandin et al., play essential mitotic functions as components of the
Dam1 complex.2000), we identified two additional low-molecular-
weight subunits of the Dam1 complex by mass spec- A 12 Subunit Ctf19 Complex
Previous studies used two-hybrid and coimmunopreci-trometry. We have named these proteins Dad3p (for
Duo1 and Dam1 interacting; YBR233w-A) and Dad4p pitation analyses to identify three different subsets of
interacting kinetochore proteins: Ctf19p, Mcm21p, and(YDR320c-A).
Other Dam1 complex subunits localize to kineto- Okp1p (Ortiz et al., 1999); Mcm22, Mcm16, and Ctf3
(Measday et al., 2002); and Chl4 and Mcm19 (Ghoshchores and along the length of the mitotic spindle
(Cheeseman et al., 2001a, 2001b; Enquist-Newman et et al., 2001). Interestingly, our purifications using TAP-
tagged Ctf19p, Mcm16p, or Chl4p each isolated theal., 2001). To determine whether Dad3p and Dad4p local-
ize to kinetochores, we performed chromosome same 12 subunit complex containing all three groups of
proteins (Figures 1A and 1B). This complex, which wespreads on strains expressing C-terminal GFP fusions
at the endogenous DAD3 and DAD4 loci at 25C. We refer to as the Ctf19 complex, also contains three pre-
viously uncharacterized proteins, Nkp1p (for Nonessen-have demonstrated previously that Dam1p localizes to
kinetochores in these spreads (Cheeseman et al., tial Kinetochore Protein; YDR383c), Nkp2p (YLR315w),
and Ame1p (YBR211c), and the kinetochore protein2001b). Both Dad3-GFP and Dad4-GFP colocalized with
Dam1p to punctate foci (Figure 2A), but not to bulk DNA, Mtw1p (Goshima and Yanagida, 2000).
To gain additional in vivo evidence that Nkp1p andconsistent with localization to kinetochores. To test for
localization to spindle microtubules, we examined Nkp2p function at the kinetochore as components of
the Ctf19 complex, we generated GFP fusions similarDad3p and Dad4p localization in living cells at 25C.
Dad3-GFP and Dad4-GFP localized to spindle poles and to those described above for Dad3p and Dad4p. Nkp1-
GFP and Nkp2-GFP precisely colocalized with Dam1p inalong the length of mitotic spindles (Figure 2B).
We next examined the loss of function phenotypes chromosome spreads, indicating that Nkp1p and Nkp2p
localize to kinetochores (Figure 2A). However, in con-for Dad3p and Dad4p. Similar to other subunits of the
Dam1 complex, precise deletion of DAD3 and DAD4 trast to Dam1 complex subunits, Nkp1-GFP and Nkp2-
GFP localized in 1–2 distinct foci in living cells (Figureindicated that they are essential genes. Fortuitously, we
found that while Dad3-GFP and Dad4-GFP were able 2B), but not along the mitotic spindle. This localization
is similar to that described for other Ctf19 complex sub-to fully complement Dad3p and Dad4p function at 25C–
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Kim et al., 1999). Interestingly, when we purified these
proteins using a tagged Sli15p, we found that this com-
plex also contained the survivin-like protein Bir1p (Fig-
ure 1A). Yeast Bir1p has been implicated in kinetochore
function (Yoon and Carbon, 1999), and metazoan sur-
vivin proteins have been implicated as functioning with
Aurora B and INCENP for chromosome segregation
(Speliotes et al., 2000; Wheatley et al., 2001). However,
a complex containing all three proteins has never been
isolated. In support of an interdependent function for
Ipl1p, Sli15p, and Bir1p, we found that overexpression
of IPL1 or BIR1 on a 2 micron plasmid can suppress the
growth defect of a sli15-3 mutant at 35C (not shown).
Furthermore, we found that a deletion of BIR1 showed
synthetic lethality at 26C in combination with ipl1-2 or
sli15-3. In total, our data indicate that Ipl1p, Sli15p, and
Bir1p function as a complex.
The Kinetochore Contains Multiple
Phospho-Proteins
With these four kinetochore subcomplexes in hand, we
next sought to identify the in vivo phosphorylation sites
present within the protein subunits of these kinetochore
subcomplexes. Previous analysis indicated that at least
three subunits of the Dam1 complex are phosphorylated
in vivo based on their mobility characteristics in SDS-
PAGE gels (Cheeseman et al., 2001a). To identify the
in vivo phosphorylation sites in proteins of the Dam1
complex, we purified this complex from yeast protein
extracts in the presence of phosphatase inhibitors and
analyzed the phosphorylation sites by mass spectrome-
try as described by MacCoss et al. (2002). This analysis
identified multiple phosphorylation sites in four subunits
of the Dam1 complex (Ask1p, Dam1p, Spc34p, and
Spc19p; see Figure 3A). Using a similar procedure, we
Figure 2. In Vivo Characterization of Dad3p, Dad4p, Nkp1p, and
also examined the Ndc80, Ctf19, and Ipl1 complexes toNkp2p
identify in vivo phosphorylation sites. Although no sites
(A) Dad3-GFP, Dad4-GFP, Nkp1-GFP, and Nkp2-GFP localize to
were identified in the Ctf19 complex, one site was identi-kinetochores. Cells expressing the indicated GFP fusion proteins at
fied in Ndc80p, and three sites were identified in the25C were prepared for chromosome spreads as described (Loidl
et al., 1998). They were then processed for immunofluorescence Ipl1 complex (Figure 3A).
using anti-GFP and anti-Dam1p antibodies and stained with DAPI
(for DNA). Multiple Kinetochore Proteins
(B) GFP fluorescence showing the localization of the indicated fusion
Are Direct Targets of Ipl1pproteins in live cells at 25C. Dad3-GFP and Dad4-GFP localize
As described above, we identified 18 in vivo phosphory-along the entire mitotic spindle, while Nkp1-GFP and Nkp2-GFP
lation sites in 7 different kinetochore proteins. Sincelocalize near the spindle poles consistent with kinetochore localiza-
tion. Approximate cell cycle stages are indicated based on spindle Ipl1p has been shown to regulate kinetochore function,
length and bud morphology. we also tested whether the kinetochore complexes de-
(C) dad3-GFPts and dad4-GFPts mutants arrest with short spindles. scribed above were substrates for Ipl1p. Purified Ndc80,
Temperature-sensitive GFP-tagged alleles of dad3 and dad4 were
Dam1, and Ctf19 complexes were treated with lambdagrown at 25C and shifted to 37C for 4 hr. They were then processed
phosphatase to remove all of the endogenous phos-for tubulin immunofluorescence and DNA staining (DAPI). Bar
phates. These complexes were then incubated in theequals 5 m.
presence of [32P]ATP and GST-Ipl1p purified from E. coli
(see Figure 3B). Consistent with our previous results
(Kang et al., 2001), we found that Dam1p was readilyunits (Measday et al., 2002; Ortiz et al., 1999), and there-
fore supports the conclusion that these proteins are phosphorylated by Ipl1p in vitro. Interestingly, we found
that when present in the Dam1 complex, Ask1p andcomponents of the Ctf19 complex.
The Survivin Protein Bir1p Is a Component Spc34p were also good in vitro targets of Ipl1p. Similarly,
we found that the Ndc80p subunit of the Ndc80 complexof the Ipl1 Complex
The Aurora family Ipl1p protein kinase is a key regulator was an in vitro Ipl1p target. In contrast, we did not
observe any in vitro phosphorylation of proteins in theof chromosome segregation (Biggins et al., 1999; Chan
and Botstein, 1993; Francisco et al., 1994; Kim et al., Ctf19 complex.
Since our results suggest that a subset of the proteins1999; Tanaka et al., 2002). In vivo, Ipl1p associates with
the INCENP-related protein Sli15p (Kang et al., 2001; that we had purified are direct targets for Ipl1p, we
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sites in Ipl1p (Figure 3A). Since GST-Ipl1p was purified
from E. coli and was the only kinase present in this
sample, the phosphorylation sites mapped in Ipl1p most
likely represent autophosphorylation. Autophosphoryla-
tion of T260 in Ipl1p does appear to be important for
Ipl1p function since it was demonstrated previously that
ipl1 (T260A) mutants are temperature sensitive (Fran-
cisco et al., 1994). In addition, the equivalent residue in
human Aurora A kinase is known to be phosphorylated
in vivo (Walter et al., 2000).
The identification of these Ipl1p phosphorylation sites
has allowed us to determine a putative consensus phos-
phorylation site for an Aurora kinase ({RK}{TS}{ILV};
see Figure 3C). This consensus site should prove useful
for predictions of Ipl1p phosphorylation sites in other
proteins.
The Dam1 Complex Is a Crucial Downstream
Target of Ipl1p
To analyze the function of the 18 phosphorylation sites
identified above, we systematically mutated the target
residues individually and in combinations to alanine (to
prevent them from being phosphorylated) and to aspar-
tate (to mimic the phosphorylated state). While this anal-
ysis indicated that no single phosphorylation site was
essential for mitotic growth, it did reveal key roles for
the phosphorylation of Dam1p. A complete analysis of
the role that phosphorylation plays in the function of the
Ndc80 and Ipl1 complexes will be described elsewhere.
The effects of the mutated phosphorylation sites in
Figure 3. Identification of Phosphorylation Sites the Dam1 complex on growth are summarized in Figure
(A) Phosphorylation sites identified by mass spectrometry from the 4A. Mutation of any individual phosphorylation site had
examination of the native phosphorylation sites, and the examina- no effect on growth on rich medium. In fact, completely
tion of complexes phosphorylated in vitro with purified GST-Ipl1p. eliminating the mapped phosphorylation sites in
Asterisks indicate sites which were not identified in the indicated Spc34p, Ask1p, or Spc19p did not result in detectablesample, but which were shown by subsequent molecular-genetic
growth defects. In contrast, mutation of all four Dam1panalyses to be relevant phosphorylation sites (see text).
phosphorylation sites to alanine resulted in lethality,(B) In vitro targets of Ipl1p. Dam1, Ctf19, and Ndc80 complexes were
purified and treated with lambda phosphatase to dephosphorylate suggesting an essential role for Dam1p phosphorylation.
proteins. The complexes were then treated with E. coli purified GST- Furthermore, similar quadruple mutations to aspartate
Ipl1p and [32P]ATP and run on an SDS-PAGE gel. Comparison to a resulted in extremely poor growth, suggesting that con-
Coomassie-stained gel (not shown) indicated that the Ask1p, stitutive phosphorylation of Dam1p is also deleterious.Dam1p, and Spc34p subunits of the Dam1 complex and the Ndc80p
We additionally examined the growth of these mutantssubunit of the Ndc80 complex are directly phosphorylated by Ipl1p.
on the microtubule-destabilizing drug benomyl, since(C) Proposed consensus site for Ipl1p phosphorylation. Sites that
are phosphorylated by Ipl1p in vivo and/or in vitro are shown. By mutants defective for spindle or kinetochore function
comparing these sites, a putative consensus site for Ipl1p phosphor- sometimes show elevated benomyl sensitivity. A variety
ylation was determined. Although Ndc80p and Sli15p are in vitro of mutants that showed normal growth on rich medium
targets of Ipl1p (see [B] and Kang et al., 2001), the phosphorylation were defective for growth on plates containing benomylsites identified by mass spectrometry in these two proteins were
(Figure 4A), suggesting that these mutations compro-not directly determined to be Ipl1p sites.
mise Dam1 complex function.
Mass spectrometry of the Dam1 complex phosphory-
lated in vitro indicated that six sites were likely in vivosought to compare the in vivo phosphorylation sites we
had mapped with sites directly phosphorylated by Ipl1p targets for the Ipl1p protein kinase (see Figure 3C). To
confirm this, we first tested whether mutation of thesein vitro. The Dam1 complex was first treated with lambda
phosphatase and was then phosphorylated in vitro with residues affected the in vivo phosphorylation state. We
have previously demonstrated that Dam1p phosphory-ATP and GST-Ip1p as described above. When the phos-
phorylation sites in this sample were mapped by mass lation in vivo results in an Ipl1p-dependent mobility shift
on an SDS-PAGE gel (Kang et al., 2001). Therefore, mu-spectrometry, we found phosphorylation sites for Ipl1p
in Dam1p, Ask1p, and Spc34p that were identical to a tation of Ipl1p phosphorylation sites to alanine should
also eliminate the slowly migrating forms of Dam1p. Insubset of the sites identified in vivo (Figure 3A). Interest-
ingly, while six in vivo phosphorylation sites were identi- fact, we found that while mutation of individual phos-
phorylation sites did not eliminate the slowly migratingfied in Ask1p, only a single phosphorylation site was
identified as a target of Ipl1p in vitro. In the course of forms of Dam1p, dam1 (S20A S292A) and dam1 (S20A
S257A S265A) did eliminate them in a manner that wasthis analysis, we also identified two phosphorylation
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consensus phosphorylation sequence (see Figure 3C).
Examination of dam1 (S20A), dam1 (S292A), and dam1
(S20A S292A) mobility on a Western blot strongly impli-
cates residue S292 as a phosphorylation site, since mu-
tating S292 in a dam1 (S20A) background eliminates the
slow mobility forms of Dam1p.
We next tested these mutants for genetic interactions
with the temperature-sensitive ipl1-2 mutant. Since
ipl1-2 is slightly compromised for Ipl1p activity even
at the permissive temperature (Kang et al., 2001), we
expected mutations that abolish an Ipl1p phosphoryla-
tion site (S to A) to interact negatively with ipl1-2. Indeed,
we found that spc34 (T199A) and many combinations
of dam1 (S to A) mutants were synthetic sick or lethal
in combination with ipl1-2 at 25C (Figure 4A). If Dam1p
is a key downstream target of Ipl1p, a second prediction
is that phosphorylation sites mutated to mimic constitu-
tive phosphorylation (S to D) would be able to suppress
ipl1-2 mutants. This also proved to be the case (Figure
4C). However, dam1 (S to D) mutants were able to sup-
press ipl1-2 at 34C, but not at 37C, possibly because
other Ipl1p targets exist, because the S to D mutations
do not perfectly mimic the phosphorylated state, or be-
cause cycles of Dam1p phosphorylation and dephos-
phorylation are required for optimal activity. To further
explore these possibilities, we also tested for genetic
interactions with GLC7, which encodes a protein phos-
phatase that opposes Ipl1p (Francisco et al., 1994; Tung
et al., 1995). Interestingly, glc7-10 mutants (Andrews
and Stark, 2000) showed synthetic lethality in combina-
tion with dam1 (S to D) mutants at 25C, but not with
dam1 (S to A) mutants (Figure 4A), suggesting a require-
ment for dynamic phosphorylation and dephosphoryla-
tion of Dam1p mediated by Ipl1p and Glc7p.
Phosphorylation of the Dam1p Complex
Regulates Kinetochore-Microtubule Attachments
Based on the in vivo genetic evidence described above,
the phosphorylation sites in the Dam1 complex appear
to be key targets of Ipl1p. Ipl1p was shown previously
to have multiple roles during mitosis in budding yeast,
including roles in chromosome segregation and in the
mitotic checkpoint (Biggins and Murray, 2001; BigginsFigure 4. Mutational Analysis of Dam1 Complex Phosphorylation
Sites et al., 1999; Francisco et al., 1994; Kim et al., 1999;
(A) Summary of phosphorylation site mutants in Dam1 complex Tanaka et al., 2002). In contrast, analysis of temperature-
subunits. Growth on rich medium and on medium containing 20 g/ sensitive dam1 mutants has identified roles in both ki-
ml benomyl are indicated. Plus-minus indicates slow growth; plus- netochore function and spindle integrity (Cheeseman et
minus-minus indicates extremely poor growth; and minus indicates al., 2001b; Jones et al., 1999, 2001). Since ipl1 mutantsthe absence of growth. Genetic interactions with ipl1-2 and glc7-
do not show strong defects in spindle integrity, we rea-10 mutants are also indicated. “suppress” indicates partial sup-
soned that mutations in the Dam1 complex that specifi-pression of the ipl1-2 growth defect (see Figure 3C). Blank entries
indicate that genetic interactions were not tested with the corre- cally interfere with Ipl1p phosphorylation should affect
sponding phosphorylation site mutant. chromosome segregation, but not spindle integrity.
(B) Western blot showing the mobility of wild-type Dam1p, Dam1p To determine the biological roles of the phosphoryla-
in an ipl1-2 mutant background at 37C, and dam1 phosphorylation tion sites in the Dam1 complex, we first examined thesite mutants.
phenotypes associated with serine to alanine mutations.(C) dam1 S to D mutants can suppress an ipl1-2 mutant at 34C.
While dam1 (S20A S292A), dam1 (S257A S265A S292A),0.4 OD of the indicated strains were spotted onto rich media with
consecutive 1:10 dilutions (from left to right). and spc34 (T199A) single mutants did not show dramatic
growth phenotypes (Figure 4A), we found that dam1
(S20A S292A) and dam1 (S257A S265A S292A) showed
synthetic temperature-sensitive lethality in combinationindistinguishable from ipl1-2 mutants (Figure 4B). In ad-
dition, while our mass spectrometric analysis did not with spc34 (T199A), allowing us to examine the condi-
tional mutant phenotype associated with these phos-identify S292 as a phosphorylation site, this residue was
predicted as an Ipl1p phosphorylation site based on our phorylation sites. When these double mutants were
Cell
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Figure 5. Dam1 Complex Phosphorylation
Site Mutants Result in Chromosome Segre-
gation Defects Similar to Those of ipl1-2 Mu-
tants
(A) dam1 (S20D S257D S265D) mutants were
grown to log phase at 25C and were then
processed for tubulin immunofluorescence
and DNA staining (DAPI). Synthetic tempera-
ture-sensitive combinations of spc34 (T199A)
with dam1 mutants were grown to log phase
at 25C and shifted to 37C for 3 hr before
processing for immunofluorescence.
(B) Chromosome segregation monitored us-
ing the LacI-GFP system of chromosome tag-
ging. Wild-type, dam1-11, ipl1-2, and spc34
(T199A) dam1 (S257A S265A S292A) mutants
were grown to log phase at 25C and shifted
to 37C for 3 hr. They were then processed
for immunofluorescence as above with the
addition of an anti-GFP antibody to detect
the marked chromosome. The chromosome
missegregation frequencies are indicated for
each strain (n  100 cells for each sample
and time point). Bar equals 5 m.
shifted to the restrictive temperature (37C), we found mutants, the frequency of chromosome missegregation
was 50%, which is in a range consistent with the valuesthat while the spindles in these cells appeared normal,
there were massive defects in chromosome segregation observed for ipl1-2 mutants. In total, these phenotypes
are very similar to those described previously for ipl1-2(Figure 5A). In many cases, more than 90% of the DNA
was segregated to a single pole during anaphase based and ipl1-321 mutants (Biggins et al., 1999; Kim et al.,
1999), providing support for the conclusion that theon DAPI staining. Interestingly, while the previously de-
scribed temperature-sensitive dam1 mutants result in Dam1 complex is a crucial downstream target for Ipl1p.
Since the inability to phosphorylate the Dam1 com-a mitotic checkpoint-dependent cell cycle arrest with
greater than 70% large budded cells (Cheeseman et al., plex mimics the phenotypes associated with the in-
activation of Ipl1p, we also sought to determine the2001b; Jones et al., 1999, 2001), dam1 (S20A S292A)
spc34 (T199A) and dam1 (S257A S265A S292A) spc34 consequence of mutations that mimic constitutively
phosphorylated Dam1 complex. When we examined(T199A) double mutants showed only a minor increase
in large budded cells (40% large budded cells versus dam1 (S to D) mutants by immunofluorescence, we
found once again that the mitotic spindles did not show30% for wild-type). This phenotype is also similar to ipl1
mutants, which do not show a cell cycle arrest (Biggins visible defects. In contrast, many examples of abnormal
DNA distribution were observed. In particular, dam1and Murray, 2001; Biggins et al., 1999; Kim et al., 1999).
To examine the frequency of chromosome missegre- (S20D S257D S265D) showed striking evidence of lag-
ging chromosomes in the middle of the spindle (Figuregation in these phosphorylation site mutants directly,
we used the LacI-GFP system of chromosome tagging 5A), possibly suggesting defects in the ability to gener-
ate kinetochore-microtubule attachments.(Straight et al., 1996). While chromosome missegrega-
tion was rarely observed at the permissive temperature Finally, to further compare the phenotypes of dam1
phosphorylation site mutants with those of ipl1-2 mu-in dam1-11 and ipl1-2 single mutants or in spc34 (T199A)
dam1 (S257A S265A S292A) double mutants, extremely tants, we examined the association of the Dam1 com-
plex with kinetochores by chromatin immunoprecipita-high rates of chromosome missegregation were ob-
served in all three of these strains shortly after a shift tion (ChIP). We and others demonstrated previously that
the Dam1 complex associates specifically with centro-to the restrictive temperature (Figure 5B). In the case
of spc34 (T199A) dam1 (S257A S265A S292A) double meric DNA in an Ndc10p-dependent manner (Enquist-
Phospho-Regulation of Kinetochore Function
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Figure 6. Centromere Association of the
Dam1 Complex
Association of the Dam1 complex with cen-
tromeres was examined by ChIP analysis us-
ing anti-Duo1p antibodies as described in
Kang et al. (2001). Centromeres from chromo-
some 16 (top band) and chromosome 3 (bot-
tom band) were amplified by PCR from either
the total input chromatin (IN), Duo1p immuno-
precipitated samples (plus sign), or mock
treated no antibody controls (minus sign).
Similar results were also observed for wild-
type and ipl1 mutants using anti-Dam1p anti-
bodies (not shown). Duo1p-Dam1p interac-
tions did not appear to be affected by the
phosphorylation state of Dam1p (our unpub-
lished results).
Newman et al., 2001; Janke et al., 2002; Jones et al., systematic mutational analysis of these sites confirmed
the assignment of these residues as phosphorylation2001; Li et al., 2002). To determine whether this associa-
tion also requires Ipl1p function, we performed ChIP sites in vivo. Moreover, our phenotypic analysis of these
mutants identified those specific sites that are importantanalysis on ipl1-2 mutants and found that the centro-
mere association of the Dam1 complex is greatly re- downstream targets of Ipl1p for regulating kinetochore
function.duced at the nonpermissive temperature of 34C (Figure
6). In strong support of the conclusion that Dam1p is This molecular approach to kinetochore regulation
also shed light upon the structure and organization ofa key in vivo target for Ip1lp kinetochore regulation,
combining the ipl1-2 mutant with either dam1 (S20D the kinetochore. During the course of these studies we
purified 28 proteins representing 75% of all knownS292D) or dam1 (S257D S265D S292D) restored associ-
ation of the Dam1 complex with centromeric DNA. budding yeast kinetochore proteins (see Figure 7A).
These studies identified five previously uncharacterizedBased on these results, mutation of serines targeted by
Ipl1p to alanine in Ipl1p’s important kinetochore targets kinetochore proteins (Dad3p, Dad4p, Nkp1p, Nkp2p,
and Ame1p) and defined two additional kinetochoreis predicted to cause a reduction in the centromere
association of the Dam1 complex. Indeed, we found subcomplexes (the Ctf19 and Ipl1 complexes). Knowl-
edge of which kinetochore proteins associate in discretethat dam1 (S257A S265A S292A) spc34 (T199A) double
mutants are compromised for the association of the subcomplexes identifies likely functional modules within
the kinetochore and greatly advances our ability to de-Dam1 complex with centromeres at the restrictive tem-
perature, similar to ipl1-2 mutants (Figure 6). Together, termine how proteins are organized within the kineto-
chore.the visual analysis of chromosome segregation, the ChIP
analysis of Dam1p’s centromere association, and the
genetic suppression of ipl1 phenotypes by dam1 (S to Identification of a Key Mitotic Target for Ipl1p
D) mutants dramatically demonstrate that Dam1p is a Regulation of Kinetochore-Microtubule
key target of Ipl1p phosphorylation to regulate kineto- Attachments
chore-microtubule attachments in vivo. Previous work implicated Ipl1p as a key protein kinase
required to regulate kinetochore function in budding
yeast. In particular, elegant genetic studies suggestedDiscussion
that Ipl1p may inactivate kinetochores to facilitate turn-
over of kinetochore-microtubule interactions and to ulti-Molecular Analysis of Kinetochore
Phospho-Regulation mately generate correct bipolar attachments (Tanaka et
al., 2002). However, the specific mechanism by whichSeveral different protein kinases have been implicated
in regulating the complex series of events required to Ipl1p regulates kinetochore-microtubule attachments
was unclear. Here, we identified six different kinetochorefaithfully segregate chromosomes during mitosis. In
budding yeast, these include Ipl1p, Mps1p, the cyclin- proteins (Dam1p, Spc34p, Ask1p, Ndc80p, Ipl1p, and
Sli15p; see Figure 7A) as Ipl1p targets, and identifieddependent kinase Cdc28p, and the mitotic checkpoint
protein Bub1p. Phospho-regulation is therefore a key ten different Ipl1p phosphorylation sites within these
proteins. While no single phosphorylation site was es-mechanism for regulating mitosis. Despite this, very few
functionally important targets and phosphorylation sites sential for mitosis, our functional analysis of these Ipl1p
phosphorylation sites strongly suggests that Dam1p is ahave been identified in components of the mitotic spin-
dle and kinetochore. In fact, identifying the biologically key Ipl1p target in vivo. Several lines of evidence support
this conclusion. First, the phenotypes of temperature-important targets for protein kinases is in general some-
thing that is rarely achieved. Here, we took a comprehen- sensitive dam1 (S20A S292A) spc34 (T199A) and dam1
(S257A S265A S292A) spc34 (T199A) phosphorylationsive molecular approach to the problem of kinetochore
phospho-regulation by identifying 18 different phos- site double mutants are indistinguishable from those
described for ipl1 mutants in this and previous studiesphorylation sites in 7 different kinetochore proteins. Our
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Figure 7. Kinetochore Phospho-Regulation
(A) Composition of kinetochore subcom-
plexes. Phosphorylated proteins are indi-
cated with a plus sign. Proteins targeted by
Ipl1p are indicated with an asterisk.
(B) Protein phosphorylation facilitates forma-
tion of bipolar kinetochore-microtubule at-
tachments. Top diagram depicts the pathway
for forming bipolar attachments. Bottom dia-
gram indicates that phosphorylation by Ipl1p
leads to change in the Dam1, Ndc80, and Ipl1
complexes (indicated by shape changes) and
the weakening of kinetochore-microtubule
attachments. This weakening allows the sub-
sequent establishment of new kinetochore-
microtubule attachments and the establish-
ment of bipolar attachments.
(Biggins et al., 1999; Francisco et al., 1994; Kim et al., subunit composition (Cheeseman et al., 2001a; our un-
published observations). In agreement with these in vitro1999; Tanaka et al., 2002). These phenotypes include
massive chromosome missegregation despite a lack of results, we have also found that the localization of the
Dam1 complex to spindle microtubules is unaffected indetectable effects on spindle structure, and reduced
association of the Dam1 complex with kinetochores. ipl1-2 and sli15-3 mutants (Kang et al., 2001).
Our analysis of Dam1p regulation suggests that, in aSecond, dam1 (S20D S292D) and dam1 (S257D S265D
S292D) mutants, which mimic constitutive phosphoryla- cell undergoing mitosis, Ipl1p targets must be dynami-
cally phosphorylated and dephosphorylated. While mu-tion, were able to suppress the growth defects of an
ipl1-2 mutant, as well as the defect in Dam1 complex tation of the Ipl1p phosphorylation sites in Dam1p to
alanine results in severe mitotic defects or lethality, mu-association with centromeres in an ipl1-2 mutant. Fi-
nally, dam1 (S20D S257D S292D) mutants show striking tations that mimic the phosphorylated state also cause
severe defects. We have also previously found thatevidence of lagging chromosomes, indicating defects
in kinetochore-microtubule attachments. Dam1p exists in several distinct phosphorylated forms
when analyzed by gel electrophoresis (Kang et al., 2001).Previous analysis of the Dam1 complex indicated that
it plays an essential role in kinetochore function Finally, the dynamic nature of phospho-regulation by
Ipl1p is also supported by the previous identification of(Cheeseman et al., 2001b; Janke et al., 2002; Jones et
al., 2001; Li et al., 2002). The Dam1 complex localizes a crucial mitotic role for Glc7p (Sassoon et al., 1999),
the phosphatase that opposes Ipl1p (Francisco et al.,to kinetochores and can bind directly to microtubules
(Cheeseman et al., 2001a). Therefore, we previously sug- 1994; Tung et al., 1995), as well as the opposing genetic
interactions identified here with ipl1-2 and glc7-10 mu-gested that this complex may serve as a key microtubule
binding component of the kinetochore. Since the Dam1p tants (Figure 4A).
Based on the evidence presented in this paper andsubunit of this complex confers the microtubule binding
ability (Hofmann et al., 1998), this ideally positions by Tanaka et al. (2002), we propose a model for the
phospho-regulation of kinetochore-microtubule attach-Dam1p as an important downstream target for regulat-
ing kinetochore-microtubule attachments. However, ments by Ipl1p (Figure 7B). We speculate that dynamic
Ipl1p phosphorylation and Glc7p dephosphorylation ofDam1p also appears to have a second role in spindle
integrity; anaphase spindles in dam1 mutants often ap- Dam1p are required to transition from a monopolar at-
tachment to a bipolar attachment. This would involve anpear broken (Cheeseman et al., 2001b; Jones et al.,
1999). Strikingly, by making mutations that specifically intermediate state in which the kinetochore-microtubule
attachment is inactivated due to phosphorylation ofdisrupt Dam1p phosphorylation by Ipl1p, we were able
to separate these two functions of the Dam1 complex. Dam1p (and other kinetochore proteins) by Ipl1p. Since
the association of the Dam1 complex with kinetochoresMutation of the Ipl1p phosphorylation sites specifically
caused defects in chromosome segregation without af- requires microtubules (Enquist-Newman et al., 2001; Li
et al., 2002), these cycles of phosphorylation and de-fecting spindle integrity. Consistent with this, we have
shown that the phosphorylation state of the Dam1 com- phosphorylation might function to bring the Dam1p
complex bound to spindle microtubules into associationplex does not affect its microtubule binding activity or
Phospho-Regulation of Kinetochore Function
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glucose or synthetic medium supplemented with the appropriatewith kinetochore components that are stably associated
nutrients and 2% glucose. All growth experiments were conductedwith centromere DNA, and to form and regulate spindle-
in YPD (YP  dextrose). Geneticin (GIBCO-BRL) was used at 0.4kinetochore attachments. The failure to recruit Dam1p
mg/ml and benomyl was used at 20 g/ml.
to new kinetochores would result in the monopolar at-
tachments observed in ipl1-2 and dam1 phosphoryla- Immunofluorescence Microscopy
tion site mutants (this work; Tanaka et al., 2002). The Chromosome spreads were prepared as described (Loidl et al.,
1998). Indirect immunofluorescence microscopy on intact yeastinability to recruit Dam1p to new kinetochores would
cells was performed as described (Cheeseman et al., 2001b). Thealso result in the reduction of centromere-associated
YOL134 anti-tubulin antibody (Accurate Chemical and ScientificDam1 complex observed by ChIP (Figure 6). This model
Corporation) was used at a dilution of 1:200, rabbit anti-GFP anti-
also provides a mechanism for correcting inappropriate body (a generous gift from Pam Silver, Harvard Medical School) at
kinetochore-microtubule attachments. Such attach- 1:4000, and affinity-purified guinea pig anti-Dam1p antibody
ments could also be inactivated by Ipl1p, allowing the (Cheeseman et al., 2001b) at 1:1,000. Fluorescein or rhodamine-
conjugated anti-IgG heavy chain secondary antibodies (Jacksonassembly of new attachments. Future studies will ad-
Laboratories) were used at 1:500. Light microscopy was performeddress the precise mechanism by which Dam1p phos-
using a Nikon TE300 microscope equipped with a 100/1.4 Plan-phorylation affects kinetochore-microtubule attach-
Apo objective and a Orca-100 cooled CCD camera (Hamamatsu)
ments. One possibility is that phosphorylation of the controlled by Phase-3 software (Phase-3 Imaging Systems, Phila-
Dam1 and Ndc80 complexes might disrupt a subset of delphia, PA).
the protein-protein interactions within the kinetochore,
Protein and Immunological Techniquesthereby weakening the physical linkage between spindle
Chromatin immunoprecipitation was conducted as described pre-microtubules and centromeric DNA.
viously (Kang et al., 2001). Immunoblots were performed as de-
scribed (Cheeseman et al., 2001b). Anti-Duo1p antibody (Hofmann
A Consensus Site for the Aurora Kinase Ipl1p et al., 1998) was used at a dilution of 1:2000, guinea pig or rabbit anti-
Dam1p antibody at 1:1000, mouse anti-HA.11 antibody (Covance)A crucial step in understanding the function of a protein
at 1:1000, and mouse anti-GFP antibody (Roche) at 1:500. HRP-kinase is the identification of the relevant in vivo targets.
conjugated secondary antibodies against rabbit, mouse (AmershamWhile several potential targets for Ipl1p have been de-
Life Sciences), and guinea pig (Alpha Diagnostic, Inc.) were used
scribed previously, the phosphorylation sites in these at 1:10,000.
proteins remained ill defined. We have identified 10 Ipl1p Kinetochore protein complexes were purified essentially as de-
phosphorylation sites in six different proteins. The analy- scribed in Cheeseman et al. (2001a). However, CL-6B Sepharose
(Amersham Pharmacia Biotech) was used instead of Q Sepharosesis of these phosphorylation sites allowed us to identify
as the initial resin for the purification of the Ndc80, Ctf19, and Ipl1the sequence motif {RK}{TS}{ILV} as a consensus site
complexes, and a maximum of 300 mM KCl (rather than 600 mMfor Ipl1p phosphorylation (Figure 3C). Previously, his-
KCl) was used for the purification of the Ctf19 and Ipl1 complexes.
tone H3 was implicated as a target of Ipl1p (Hsu et al., Protein identification by mass spectrometry was performed as de-
2000). In this case, the phosphorylation site was RKS*T scribed (Cheeseman et al., 2001a). To maintain the in vivo phosphor-
(where S* is phosphorylated). Though this differs slightly ylation state of complexes, phosphatase inhibitors were added to
the initial buffer as described (Cheeseman et al., 2001a). Phosphory-from the consensus that we defined, the {ILV} hydropho-
lation sites were identified as described (MacCoss et al., 2002).bic residue may be required for optimal activity. Since
To phosphorylate proteins with E. coli purified GST-Ipl1p (fromthis sequence is conserved in histone H3 of other spe-
pCC669) in vitro, kinetochore complexes were first dephosphory-
cies, the consensus site we defined for Ipl1p may also lated with lambda phosphatase as described (Cheeseman et al.,
apply to other Aurora kinases. In metazoans, Aurora B 2001a). Kinase reactions were conducted in 20 mM HEPES (pH 7.5),
kinases have been shown to play roles similar to those 100 mM KCl, 10 mM MgCl2, 10 mM MnCl2, 25 mM -glycerophos-
phate, 1 mM DTT, 0.2 mM ATP for 20 min at 30C.of Ipl1p in regulating kinetochore function (Kaitna et al.,
2002; Kallio et al., 2002; Murata-Hori and Wang, 2002);
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